The effect of hypergravity of launch, microgravity during short-term space flight, and hypergravity of landing on the structure of liver, lung, bone and bone marrow of 3 Japanese quail, that hatched on board the orbital station Mir was investigated. Chicks were 5 days old at landing. Eleven hours after landing 3 male chicks were killed and samples were collected for a wide variety of biochemical, histological, histochemical, electron microscopic and microbiological investigations. Results of the light microscopic, and transmission electron microscopic study are presented in this paper. Extensive deposits of fat droplets were revealed in almost all hepatocytes of all flight chicks versus ground and laboratory controls. Adipocytes, common in the bone marrow of control animals of the same age, were depleted or absent in bone marrow of flight chicks. There were no substantial effects on the structure/ultrastructure of the lungs, the structure of the bone and its development was not substantially affected. Morphometry of the liver revealed that hepatocytes contained significantly more lipid droplets (nearly 5-fold) than hepatocytes of ground control chicks of the same age hatched at the same time. Morphometric study of lungs revealed no significant difference in number, diameter and total surface of air capillaries between flight and control chicks of the same age.
the development and structure of selected tissues and organs and to re-evaluate our preliminary results of investigation on structure of liver and lungs from this experiment . Since lipid droplets accumulate in the hepatocytes of chick embryo (Noble and Moore 1967) culminating on the first day of life of chicken (Baranyiová and Holman 1972) , we used morphometric methods to evaluate the deposits of lipids in liver cells to distinguish whether the accumulation of lipid droplets of the Japanese quail hatched in the orbital station ) was physiological or whether it was the effect of space flight. We tested our hypothesis that there would be stress-related changes in the liver of flight chicks versus ground controls.
Materials and Methods

Animals
Japanese quail (Coturnix coturnix japonica) eggs were first incubated on Earth. Shortly before launching, the eggs in an incubator were transferred to the spacecraft Soyuz that transported them to the orbital space lab Mir. At the time of launch the spacecraft, the eggs were in an advanced stage of incubation, about 2 -3 days prior to hatching. 36 quails hatched of 60 incubated eggs and were taken care of by a Slovak astronaut, Colonel Ing. Ivan Bella (Plate I, Fig. 1 ). The chicks were 5 days old upon landing. Eleven hours after landing, a large number of samples from different organs of 3 alive male Japanese quails 5 days old were taken for histological, electronmicroscopical, histochemical and many other investigations. Male Japanese quails of the same age, hatched on Earth at the same time as experimental chicks in the orbital station, were used as "synchronous" Moscow controls. Another 5 chicks of the same sex and age incubated and hatched in Ko‰ice in October 2001 fed the same diet as experimental "flight"chicks in the orbital station, were used as "asynchronous" control Ko‰ice.
Light microscopy (LM)
We examined haematoxylin and eosin stained 5 -7 µm paraffin sections cut from organs fixed in 4% neutral formaldehyde and routinely processed, and toluidine blue stained 1 µm Durcupan sections from specimens processed for electron microscopy. Fixed bones were decalcified in EDTA and processed routinely as above.
Transmission electron microscopy (TEM)
The material was immediately fixed in 3% glutaraldehyde in 0.15 M cacodylate buffer pH 7.2 for 2 hours. Fixed specimens were rinsed in the 0.15 M cacodylate buffer overnight, post-fixed in 1% OsO 4 in the same buffer, rapidly dehydrated in acetone and embedded in Durcupan ACM. Ultrathin sections stained with uranyl acetate and lead citrate were photographed by either the Tesla BS 500 or JEM 1200 EX electron microscope.
Morphometric evaluation
Three different methods were used for morphometric study of hepatocytes: manual measurement, semiautomatic evaluation by computer and fully automatic system analySIS (Soft Imaging System) GmbH, Munster, Germany. All measurements were taken from light micrographs of 1 µm Durcupan sections stained by toluidine blue, all micrographs taken at the same magnification × 600. Semi-automatic measurement was done by manual recording using a computer (by clicking and labelling of lipid droplets of three size categories on the computer screen) from scanned area of the same size 140.35 µm × 105.26 µm of light micrographs. Three measurements of each of three micrographs were done, at least two tissue blocks were cut from each liver and three different micrographs from different 1µm Durcupan sections were taken from each tissue block. Fully automatic morphometrical measurements were done after shading correction. All measured objects were separated by observer controlled thresholding. Delesse's principle "area density = volume density" (Polónyi 1988; Royet 1991; White et al. 1999 ) was used in morphometric evaluation of liver and lungs. Morphometric analysis of lungs employed these criteria: (1) number of small, medium and large air capillaries in a given area of lungs of experimental and control quails; (2) diameters of air capillaries; and (3) total surface of air capillaries (i.e. the total area of gaseous exchange calculated for one pulmonary lobule) for flight versus control chicks.
Statistical analysis
The mean morphometric values of the liver and lungs of experimental flight and control chicks were compared by Student's t-test. The data presented in a graph and tables are average values of measurements according to the previous section.
Results
This paper presents the results of our study of bone, cartilage and bone marrow, liver and lungs. Significant structural changes were found in the liver and bone marrow. LM revealed an increase of lipids the liver, and demonstrated lipid droplets in most hepatocytes (Plate I, Fig. 2 ) of all three quail hatched on spacelab Mir and returned live to Earth. Only a few fat droplets were seen in hepatocytes of both synchronous (Plate I, Fig. 3 ) and asynchronous control chicks. TEM confirmed the LM results on fat deposits in hepatocytes of flight chicks (Plate II, Fig. 4 ) versus depletion of lipid droplets in hepatocytes of control chicks (Fig. 5) . TEM also revealed that the ultrastructure of hepatocytes was well preserved; the organelles (nucleus, mitochondria, rough and smooth endoplasmic reticulum, Golgi bodies, and lysosomes) of hepatocytes in flight chicks were similar to those in control animals. Large or medium size fat droplets were located between the cell nucleus and the bile pole of hepatocytes, and small lipid droplets occurred randomly in the cytoplasm of liver cells. We evaluated the amount the fat deposits and the size of lipid droplets in liver cells by three different morphometric methods: manual, computer semiautomatic and the modified analySIS (Soft Imaging System). Each of them showed the overall amount of lipid droplets in the liver of all investigated flight chicks significantly higher than in the control birds of the same age incubated and hatched on the Earth (Tables 1 -3 and Graph 1).
Similar, but less dramatic effects were demonstrated in the bone marrow. Adipocytes were reduced (Plate II, Fig. 6 ) or absent from the bone marrow of flight quail if compared with control chicks (Fig. 7 ) . Many fat cells are regularly present in the bone marrow of control Japanese quail chicks of the same age. This could be well detected even by LM in paraffin ( Fig. 7 ) as well as 1µm Durcupan sections in all control Japanese quail chicks under study. Table 2 . Size of lipid droplets in the hepatocytes of Japanese quails (MV ± SEM)
Lipid droplets in hepatocytes (in µm) large medium small flight Ø 5.98 (8.4 -4.9) Ø 3.69 (4.9 -3.2) Ø 1.32 (1.7 -0.9) control Ø 5.58 (6.5 -4.9) Ø 3.93 (4.4 -3.5) Ø 1.42 (1.8 -0.9) Neither compact bone (Fig. 6 ) nor hyaline cartilage of the developing bones nor the lungs (Plate III, Fig. 8 ) showed any obvious change when observed by LM or TEM. We did not find by LM any important difference between lungs of control and experimental chicks hatched in the orbital station. Both parabronchi and atria (Fig. 8 ) and the air capillaries ( Fig. 9 ) seemed not to be affected by space flight. Very rarely some erythrocytes were found inside air capillaries (Fig. 10) . TEM revealed accumulation of erythrocytes in blood capillaries around air capillaries of flight chicks (Plate IV, Fig. 11 ) if compared with controls (Fig. 12) . The majority of the air capillaries were regular round or mild oval in cross section both in control and flight chicks . Some air capillaries showed irregular shape, a few being collapsed (Fig. 14) . To take into account all minor ultrastructural deviations we used morphometric analysis of lungs at the level of LM. A detailed presentation of morphometric evaluation of lungs is in Tables 3 and 4 . This analysis revealed no significant difference (p < 0.05) between lungs of control and flight chicks (Tables 4 and 5 ). Significantly, the overall area of gas exchange was increased by 1.23 fold (23.5%) in flight chicks. The number and diameter of air capillaries did not change significantly except for the infundibulum, which occurred in experimental flight chicks twice as much as in control. 
Discussion
The effect of weightlessness and microgravity on structure and function of different tissues and organs of various animals, particularly in the rat and Japanese quail has been studied by a number of authors (e.g. V ico et al. 1987 Dadasheva and Guryeva 1993; Kawashima et al. 1995; Anderson et al. 1997; Barrett et al. 2000; Yamashita et al. 2001; Rodionova et al. 2002; Krasnov and Diachkova 2003) . Embryogenesis and development of both quail and chicken exposed to microgravity was studied by Guryeva et al. 1993; Hullinger 1993; Suda et. al. 1994; Dadasheva and Shepelev 1996; Suda 1998 and others. Essentially, there are serious problems with early development of quail and chicken in microgravity conditions. These include a high percentage of dead embryos and numerous severe developmental organ anomalies (reviewed by Dadasheva and Shepelev 1996) and other less obvious deficits, such as the detrimental effect of microgravity on vestibular system (Fermin et. al. 1996) . The mechanism for the genesis of these developmental problems remains unknown. Nevertheless, some systems seemingly remain unperturbed. Suda (1998) reported in chickens that "the development of all tissues including the cartilage and bone tissue was normal in 7-and 10-day-old chicks". For chicken embryos that enter the microgravity after completing early development in 1-G, there was no ill effect of spending a 5 days in orbit at near 0-G. After returning to Earth, the subsequent incubation and hatching was also normal (Hullinger 1993; Suda 1998 Rodionova et al. 2002) , microgravity has little effect on growth and development of chick embryonic bone (Kawashima et al. 1995) . This is in agreement with our observation. LM of the bone and cartilage of Japanese quail chicks hatched in the orbital station showed no adverse effects due to microgravity after a shortterm space flight lasting 5 days. Development of bones in flight chicks was not different than that observed in control chicks of Japanese quail of the same age (Marettová et al. 1992 ).
There was little adverse effect of space flight on the lungs in this study. Avian lungs have air capillaries instead of alveoli as in mammals; granular pneumocytes (the type II pneumocytes) and dust cells -(macrophages) are not present at the site of gaseous exchange in the air capillaries but both granular cells and macrophages are found at the level of conductive portion of lungs (Abdalla et al. 1982; Klika et al. 1996; Scheuermann et al. 1997) . Taking into account these structural and functional characteristics of avian lung (Abdalla et al. 1982; Maina 1988; Klika et al. 1999; Bernhard et al. 2001) , substantial no differences in the structure/ultrastructure of lungs between experimental and control chicks were found by LM and TEM in this experiment. Morphometry of the lungs revealed no significant difference between the lungs of control and flight chicks. We assume that erythrocytes present in air capillaries of the flight chicks were the result of local venostasis in lungs or more probably they could be artifacts.
The most striking effect of microgravity on Japanese quails hatched in MIR was the massive lipidosis in the vast majority of hepatocytes in all 3 flight chicks. There is a physiological accumulation of lipid droplets in the liver of birds (Noble and Moore 1967) , starting on day 19 of incubation for chicken embryos and culminates 1 day after hatching. Thereafter the number of lipid droplets in hepatocytes of 3-day-old chicks begins gradually to decrease (Baranyiová and Holman 1972) . In hepatocytes of 10-day-old chicks lipid droplets are rare. Considering this physiological accumulation of lipids in the liver of the birds near the end of embryonic development and their persistence in the initial days after hatching, it was necessary to evaluate our preliminary observations on the liver of flight chicks of Japanese quail by a reliable and objective method. Each of the three different morphometric methods (manual, computer semiautomatic and the analySIS (Soft Imaging System) used in this study showed the overall amount of lipid droplets in the liver of all investigated flight chicks was 5-fold greater than in control birds of the same age, incubated and hatched as ground controls.
These observations of tissue from the Japanese quails chicks hatched in microgravity are original and we are aware of no published data for comparison. The occurrence of lipid droplets in the liver cells is histologically similar to syndrome of fatty liver (FLS -fatty liver syndrome, now called lipidosis by the pathologist) in chicken (Bain 1977; Lonkar and Prasad 1988) . Excessive accumulation of lipids in the liver is usually related to different systemic metabolic conditions and also liver diseases (Jubb et al. 1991; Cheville 1994; Cotran et al. 1994) . The most frequent of these is hepatocellular damage induced by poisons or drugs, insufficient movement and stress, or excessive intake of energy-rich food with high protein content. Starvation also leads to FLS in birds and mammals. Bain (1977) reported large accumulations of fat in the hepatocytes of 4-week-old chickens as a result of stress by removal of food.
The accumulation of lipid droplets in the liver of quail chicks hatched aboard spacelab MIR and living there for 5 days under microgravity conditions, is difficult to interpret unambiguously. A structural resemblance to FLS is obvious. The accumulation of fat in the liver of flight quail chicks could be caused by an insufficient intake of feed due to microgravity. This unintended "fasting"of animals would then be followed by mobilization of energy reserves of the body and lipolysis from fatty tissues. Fat cells common in bone marrow of young chick, had disappeared from the bone marrow of flight quails. Our interpretation of fatty liver in flight chicks followed a conversation with Col. Ing. Ivan Bella, the Slovak astronaut who was the mission specialist for this space experiment. He made an enormous effort, together with the two other two members of the crew to keep all the hatched quails alive, hand-feeding and watering them by pipette (Plate I, Fig. 1 ). Due to the lack of gravity in the space lab, and the resulting effect upon the quail feeding behaviour the intake of food was restricted. Lenhardt et al. (2001) found slightly increased alkaline phosphatase activity in the microvilli of the enterocytes of the same quails suggesting an adaptation to utilize the restricted feed stuffs more efficiently. We suppose that the insufficient feed intake caused a mobilization of fat reserves in the body and accumulation of lipids in the liver. Fasting results in mobilization of lipid stores shortly after hatching (Baranyiová and Standara 1980) . This mobilization of lipids also resulted in a depletion of adipocytes in the bone marrow of all 3 flight chicks in this experiment. Our interpretation is also supported by observations Mi‰úrová et. al. (1990) who found hyperlipaemia and hyperglycaemia caused by the lipolysis of adipose tissue in rats flown aboard Cosmos 2044. However, another explanation of the accumulation of lipids in liver is also possible. According to Feast et al. (1998) , lipid uptake from the liver was significantly reduced if chick embryo is exposed to 22.0 °C. From this perspective the accumulation of lipids in hepatocytes of flight chicks may have result from a delayed lipid uptake from the liver of chicks living in microgravity and/or due to adverse (stressful) conditions in the space lab.
Nevertheless, whatever is the origin of lipid droplets occurring in most hepatocytes of all flight chicks we conclude that the launch of the space shuttle, the short-term space flight in the orbital station under microgravity conditions and the landing on Earth had no substantial effect on the structure of tissues and organs investigated from three Japanese quail chicks. We further conclude that the structural changes in the liver and bone marrow are not a direct cause of microgravity but are instead a secondary consequence of microgravity. We suppose that these changes would be reversible.
Vplyv krátkodobého pobytu v kozme na ‰truktúru niektor˘ch tkanív a orgánov japonsk˘ch prepelíc, vyliahnut˘ch na palube orbitálnej stanice Mir ·tudovali sme vplyv krátkodobého pobytu v kozme na ‰truktúru niektor˘ch orgánov a tkanív 3 kurãiat japonsk˘ch prepelíc, ktoré sa vyliahli na orbitálnej stanici Mir a na 7. deÀ kozmického letu sa Ïivé vrátili na Zem. V ãase pristátia kurãatá mali 5 dní. Vzorky pre svetelnú (LM) a transmisnú elektrónovú mikroskopiu (TEM) boli odobraté z 3 Ïiv˘ch kurãiat kohútikov po návrate na Zem. V práci prezentujeme v˘sledky ‰túdia ‰truktúry peãene, pºúc, kostí vrátane kaebovej chrupky a kostnej drene. V peãeni v‰etk˘ch troch letov˘ch kurãiat sme pozorovali tukové kvapky takmer vo v‰etk˘ch hepatocytoch. Z kostnej drene letov˘ch kurãiat ãiastoãne alebo úplne vymizli tukové bunky, na ktoré je bohatá kostná dreÀ kontroln˘ch kurãiat. V práci prezentujeme v˘sledky troch spôsobov morfometrie tukov˘ch kvapiek v peãeni a morfometrie pºúc. Z meraní vypl˘va, Ïe celkové mnoÏstvo tukov˘ch kvapiek v hepatocytoch pokusn˘ch prepelíc je asi 5 krát väã‰ie ako u kontroln˘ch kurãiat rovnakého veku, ktoré sa v rovnakom ãase vyliahli na Zemi. Morfometria pºúc neodhalila medzi pokusn˘mi a kontroln˘mi kurãatami signifikantné rozdiely v poãte a priemere vzduchov˘ch kapilár a ich celkovej ploche. Na‰e pozorovania ukazujú, Ïe krátkodob˘ pobyt vkozme nemá podstatn˘ vplyv na ‰truktúru a v˘voj kostí a ultra‰truktúru pºúc. Predpokladáme, Ïe zmeny vpeãeni a kostnej dreni neboli spôsobené priamo mikrogravitáciou, ale jej sekundárnym úãinkom ako dôsledok sÈaÏeného príjmu potravy. 
